We propose a theoretical model for the optically controlled terahertz filter based on hybrid graphene/metasurface structure. Such a device has a high accuracy for the frequency adjustment by the different intensities of the optical pumping in the infrared spectral range, fast response time and polarization independence. The tuning by optical pumping of the spectral characteristics of the filter in term of resonant frequency and Q-factor was shown.
Introduction
Currently, devices that can generate, control and receive the radiation in the terahertz (THz) frequency range have been widely spread since the first sources and receivers of such radiation were created. Radiation in this frequency range is nonionizing in nature and easily passes through the majority of dielectrics, but is strongly absorbed by conductors and some dielectrics. These properties allow the use THz radiation in spectroscopy [1] , near-field microscopy [2] , scanning security systems, and also in medicine (for example, in the tomography which can visualize layers of the body up to several cm in depth) and in communications systems. A huge incentive for the creation of devices to control THz radiation is that doing so would allow the application of this radiation in many directions, including the field of the THz communications [3] .
Graphene is a promising material for use as the basis of THz devices. Graphene is a two-dimensional allotropic modification of carbon in which its atoms are arranged in a planar hexagonal lattice. Due to its exceptional electronic and optical properties and high resistance to deformation [4] , graphene may become a key component in solar cells, light emitting diodes, flexible touch screens, ultrafast lasers and frequency converters [5] . The frequency of graphene plasma waves lies in the terahertz range [6] , making graphene appealing for controllable terahertz devices such as modulators and filters, where the resonant frequency can be tuned by an external electric field or optical pumping. In recent research, various hybrid structures based on graphene/metamaterial were proposed, and their optical parameters were controlled by application of a bias voltage between metamaterial and graphene [7] [8] [9] [10] [11] or by optical pumping in the infrared frequency range [12] . The central resonant frequency for such devices depended on the geometrical parameters of unit cell and the conductivity of graphene [8] .
In this article, we propose and demonstrate an optically tunable THz filter based on hybrid system consisting of graphene and a metasurface with cross-like elements that provides polarization invariance for the structure. This geometry is commonly used because the resonant frequency of the structure is uniquely defined by only few parameters of the unit cell. Additionally, it is also relatively simple to manufacture such a structure. This filter has a very high accuracy for frequency adjustment by varying the intensity of the infrared radiation, and it also has a fast response time. Control via optical pumping instead of the electric field allows one to avoid such difficulties as the coating of the composite structure by the microelectrodes and usage of the electronic circuits to control the characteristics of the filter. In accordance with these advantages, such a device may find application in THz communications systems.
Optical pumping of graphene
The surface conductivity model is used to describe the properties of graphene as its numerical value can be measured across a wide frequency range [13] .
The gapless band structure of graphene leads to unusual behavior for its conductivity. So, for the terahertz frequency range, the dependence of graphene's conductivity upon the frequency of the incident radiation is observed. Under the influence of optical pumping in the visible and infrared frequency range, the photogeneration of electron-hole pairs with an efficiency of 2.3 % is observed. Immediately after pumping the electron-hole pairs are tend to transformed into the lower-energy state.
Optical generation of the electron-hole pairs in graphene is described by the quasi-Fermi level µ (the chemical potential), which for the nonexcited state of graphene, is located at the intersection of the valence band and conduction band, and its energy is equal to zero.
The theoretical value of the surface conductivity for graphene can be calculated using the Kubo formula [14] , which gives the expressions for the complex conductivity for the graphene monolayer, which takes into account both the intrabandσ intra and the interbandσ inter transitions, depending on the frequency ω:
where e is the elementary charge, k B is the Boltzmann constant, τ ≈ 1 ps is the relaxation time of carriers,h is the Dirac constant, T is the temperature, i is the imaginary unit. At the same time, the surface conductivity of the graphene monolayer is defined by the sum of the intraband and the interband transitions:σ =σ intra +σ inter .
The value of the chemical potential under the influence of optical pumping with the frequency ν pump = Ω/2π and the energy which is more than k B T , is defined as [15] :
where ν F = 106 m/s is the Fermi velocity of charge carriers in graphene, α = 1/137 is the fine structure constant, τ R ≈ 1 ns is the time of a recombination of the electron-hole pairs, I Ω is the graphene pumping intensity. The dependences of the normalized surface conduction of graphene on the frequency ω with or without optical pumping and a wavelength of 1.5 µm and intensity I Ω = 3 W/mm 2 , which are calculated using the expressions (1) -(4) are shown in Fig. 1 The real part of surface conductivity is known to be responsible for the absorption in the material, while the imaginary part of the surface conductivity allows one to calculate the phase difference between the electric field in the material and the excitation field, i.e., the delay in propagating through the material of the electromagnetic field. Information about the phase delay has a significant importance in the design of composite structures based on graphene and metamaterial, as the addition of graphene into the structure of metamaterial-based subwavelength resonator significantly shifts its resonant frequency.
As can be seen from Fig. 1 , the largest difference between the imaginary part of surface conductivity with and without pumping is observed at a frequency of 0.18 THz, however, at that same frequency, significant losses are present. For this reason, the resonant frequency of the developed metamaterial was chosen in the higher frequency region of the spectrum, where the losses are minimal and the difference between the value Im(σ) with and without pumping is still significant. Frequencies near 0.4 THz satisfy this condition. In addition, there are several radiation sources which operate at a frequency close to 0.4 THz [16] , that can be useful for experimental verification of the calculations.
Optically tunable bandpass filter and method of calculation
In this work, we studied hybrid structure based on the cross-like metasurface and optically pumped graphene in the terahertz frequency range. To describe all the effects occurring in such a composite structure, the usage of analytical methods is difficult, therefore, to address these issues, we applied a numerical approach.
Simulation of the electromagnetic fields in composite structure graphene/metamaterial was performed using the CST Microwave Studio software package with the frequency domain kernel which solves Maxwell's equations by the finite difference method. The boundary conditions were chosen along the x and y unit cell directions with the opened Floquet ports along the z axis. As a result of this simulation, it is possible to obtain S-parameters (S 11 is the amplitude of the reflection coefficient, S 12 is the amplitude of the transmission coefficient).
The graphene monolayer was defined as an infinitely thin sheet with surface impedance Z = 1/σ, where the conductivity σ is described by the equations (1) -(4) .
The filter is an artificial resonant structure made of an aluminum film with a thickness of 0.5 µm having crosslike slots. This film is covered by a graphene monolayer and located on the dielectric substrate with thickness of 65 µm and permittivity ε = 3. The frequency spectrum of such a metasurface is determined by the width K and the length L of the cross-like slots, and also by the size G of the unit cell. This form of a slot provides the polarization independence of the structure relative to the incident radiation. For numerical modeling, geometric parameters of the cross-like metasurface were selected such that the resonant frequency of the composite structure was about 0.4 THz, and the Q-factor was no less than 1.5 with a transmission coefficient value of 45 % without optical pumping. The schematic of the proposed filter is presented in Fig. 2.   FIG. 2 . Schematic of the elementary cell of the filter: 1 -graphene, 2 -aluminum, 3 -PET substrate
As a result of the simulation of the cross-like metasurface without graphene, we identified areas of the structure that make the largest contribution to the localization of the electromagnetic field. In accordance with this, we propose the structural unit cell, in which graphene covers the sections of the aluminum film, which are connect the end faces of the cross-like slots, as the electric field in these regions is maximized.
Results and discussion
By optimizing the geometrical parameters of the cross-like resonator (K = 45 µm, L = 180 µm, G = 440 µm), we have obtained the highest value for the quality factor Q = 1.9 with the amplitude of the transmission coefficient of 45 %.
The dependence of the transmission coefficient amplitude on frequency for various pumping intensity values is shown in Fig. 3 . Figure 3 shows the frequency dependence for the amplitude of the transmission coefficient of the transmitted wave and its relative change for different graphene conductivity values, which is changed when graphene is pumped by optical radiation with a wavelength of 1.5 µm. The minimum value for the transmission coefficient is observed in the absence of optical pumping. Under optical pumping of the composite structure, the amplitude of the wave passing through the filter gradually increases; additionally, the Q-factor also increases, while and the resonant frequency is shifted to the higher frequency region. Figs. 4 and 5 show the dependences of the central resonant frequency and amplitude of the transmission coefficient, respectively, on the pumping intensity.
Thus, by means of numerical simulations, we have demonstrated the possibility for optical control of a THz wave passing through the hybrid filter based on the metamaterial and graphene, as the conductivity of graphene can be controlled by optical radiation. At the same time, the proposed filter is polarization-invariant due to structural symmetry.
